[1] Ice cores retrieved from high-altitude glaciers are important archives of past climatic and atmospheric conditions in midlatitude and tropical regions. Because of the specific flow behavior of ice, their age-depth relationship is nonlinear, preventing the application of common dating methods such as annual layer counting in the deepest and oldest part. Here we present a new approach and technique, allowing dating of any such ice core at arbitrary depth for the age range between $500 years B.P. and the late Pleistocene. This new, complementary dating tool has great potential for numerous ice core related paleoclimate studies since it allows improvement and extension of existing and future chronologies. Using small to ultrasmall sample size (100 mg > carbon content > 5 mg) accelerator mass spectrometry, we take advantage of the ice-included, water-insoluble organic carbon fraction of carbonaceous aerosols for radiocarbon ( 14 C 
Introduction
[2] Ancient ice has been extracted and analyzed from polar ice sheets for more than four decades, providing records of past climatic conditions on a hemispheric or even global scale [e.g., EPICA Community Members, 2004; Brook, 2005] . Ice cores recovered from high-altitude glaciers in midlatitude, subtropical, and tropical regions do not reach as far back in time. Nevertheless, they are important archives, containing information about regional climate variability in an area where the majority of the world's population lives and coupled ocean-atmosphere phenomena such as El Niño -Southern Oscillation (ENSO) and the monsoon system are most strongly expressed [Cecil et al., 2004; Thompson, 1996; Thompson et al., 1998 Thompson et al., , 2000 . The vicinity of these glaciers to anthropogenic emission sources has the additional potential to improve our understanding of natural and human induced forcing of the climate system, since it enables the study of substances with short atmospheric lifetimes of a few days, having nonuniform global distribution and highest concentrations closest to the sources (e.g., aerosols). In any case, a precise chronology is a prime requirement for each natural archive to allow for a meaningful interpretation of the information recorded. The most common method used for ice core dating is annual layer counting, which relies on seasonally varying signals and is supported by the identification of reference horizons such as volcanic layers [Thompson et al., 1998; Schwikowski et al., 1995; Schwikowski, 2004; Eichler et al., 2000; ColeDai et al., 1997] . For ice cores from high-altitude glaciers, strong ice flow induced layer thinning limits counting of annual layers in the best case to a couple of centuries and is not suitable for the oldest and deepest part, where individual years cannot be distinguished anymore. Because of complex bedrock geometry of such glaciers, indirect dating using physical ice flow models can also not be applied for the entire length of the core. The lack of an appropriate dating tool for this lowermost section can be overcome in certain cases by wiggle matching of the stable isotope records (i.e., stable isotopes of water dD or d
18
O and atmospheric d
O atm ), using the strong variation during the glacial-interglacial transition ($14,000-9000 years B.P.) observed in polar ice cores [Thompson et al., 1995] . Accordingly, in this way dated ice core records will be strongly tied to the chronology of the polar ice cores. As a consequence however, this hinders the determination of the actual timing of events during the transition period for the site where the core was retrieved. Since the recognition of spatial shifts in timing for nonpolar regions is of high interest [e.g., Smith et al., 2005] important information is therefore lost. Furthermore, it is evident that a record reaching at least that far back in time is required to allow application of this dating method and even in this case, additional dating points are required between the age of the lowest annual layer counted and the age where the glacial/ interglacial transition occurs to account for changing accumulation rates. One should also keep in mind that not climate but artifacts such as diffusion processes can alter the signal of the stable isotopes of water close to the bedrock in the case of glaciers with a very high thinning [Keck, 2001] . Under such circumstances, dating by wiggle matching is hindered.
[3] Up to now, radiocarbon dating could only be applied on ice cores, when embedded insect fragments or plant debris were found [Thompson et al., 1998 ]. In contrast to such randomly occurring biogenic debris, carbonaceous particles, a major component of the atmospheric aerosol, are constantly removed from the atmosphere by precipitation and form integral part of the impurities found in glacier ice [e.g., Lavanchy et al., 1999; McConnell et al., 2007] .
They are composed of organic carbon (OC) and elemental carbon (EC), which can be separated because of their specific thermal properties [Szidat et al., 2004a [Szidat et al., , 2004b Jenk et al., 2007] . Before $1850 A.D., OC was of purely biogenic origin from vegetation emissions, since the combustion of fossil fuels was insignificant . OC thus reflects the 14 C/ 12 C ratio of the living biosphere at the time of photosynthesis, which makes it suitable for 14 C dating. In contrast, this seems not to be the case for the EC fraction and as a consequence also not for the total carbon (TC, the sum of OC and EC) . Among other reasons such as inbuilt radiocarbon ages from the combustion of aged organic material a methodical problem related to the high combustion temperatures required for the analysis of EC (650°C compared to 340°C for OC) in combination with samples of high mineral dust content as encountered in the Alps cannot be excluded . Accordingly, our new approach was to extract the water-insoluble organic carbon fraction of the carbonaceous particles and use it for radiocarbon dating. Since this approach is not depending on the random finding of carbon debris (e.g., insects) it allows in principal the dating of any ice core at arbitrary depth using as many consecutive samples as needed, at the least for the age range between $500 years B.P. and the late Pleistocene. However, in most cases when ancient carbon containing material is dated on the basis of the 14 C/ 12 C ratio determined with accelerator mass spectrometry (AMS), currently the most sensitive technique, this is conducted on milligram amounts of carbon. Therefore, one of the major challenges to this approach is the low content of organic carbon in glacier ice which requires analysis of much smaller samples with sizes below 100 mg [Lavanchy et al., 1999; Jenk et al., 2006] .
[4] To succeed with this novel dating approach the methods used had to be continually improved. New limits could be reached in the course of several studies related to the extraction of particles from the ice [Lavanchy et al., 1999; Jenk et al., 2006 Jenk et al., , 2007 , the analysis of OC and EC concentrations using a thermal separation method in combination with 14 C analysis [Lavanchy et al., 1999; Szidat et al., 2004a; Szidat et al., 2004b; Jenk et al., 2006 Jenk et al., , 2007 and AMS technology Ruff et al., 2007 Ruff et al., , 2009 (Figure 1 ). At this site great potential exists to find old ice because the (cold) glacier is frozen to the bedrock and the net annual snow accumulation rates are low because of preferential wind erosion of dry winter snow [Schwikowski, 2004] .
Methods

Sample Preparation
[5] Nine core sections were analyzed for 14 C to obtain dating points also for the lowest part (67.2-80.2 m/bedrock) of the Colle Gnifetti 2003 ice core (CG03). To use as little of the archive as feasible to establish the chronology, we tried to keep sample amounts the lowest possible at all times. Length and masses of these nine individual samples thus varied between 0.3 and 1.4 m and 500-1084 g ice, respectively. From each sample, the water-insoluble organic carbon fraction was extracted by filtration and the organic residue (varying between 7.3 and 61.5 mg carbon) was subsequently processed for 14 C AMS analysis. See Table 1 for more details to the individual samples.
[6] The method we applied to separate the organic (OC) and elemental carbon (EC) fraction of carbonaceous particles prior to the analysis of microgram amounts of carbon by 14 C AMS was initially developed for ambient aerosol samples [Szidat et al., 2004a [Szidat et al., , 2004b . Jenk et al. [2006 Jenk et al. [ , 2007 describe the adaptation for ice samples, including complete methodological details in accordance to this study. Here, the overall procedure is summarized in short: Ice cores were cut into pieces and decontaminated by removal of outer layers in a cold room (À20°C) using a stainless steel band saw. For further decontamination, the derived and still frozen samples were additionally rinsed with ultrapure water (MilliQ, 18 MW cm À1 quality) in a laminar flow box. After melting, the water-insoluble carbonaceous particles contained in the ice were collected by filtration and the filters were combusted in steps at 340°C and 650°C to separate OC from EC. The evolved CO 2 was cryogenically trapped and its volume determined manometrically. A 2 -5% aliquot for 13 C isotope ratio mass spectrometry (IRMS, Delta Plus XL with Thermo-Finnigan Gas Bench-and Precon-inlet system) was separated and flame sealed in an evacuated glass tube. The remaining CO 2 was sealed in a quartz tube for transformation to filamentous carbon (graphitization) using manganese granules and cobalt powder prior to final 14 C AMS analysis at the ETH AMS facility (''TANDY,'' 500 kV pelletron compact AMS system) .
[7] Note that AMS analysis was accomplished in four different series between December 2005 and May 2007. To assure the quality of the measurements and to monitor the performance of the AMS system, measurements of blanks and standards were performed during each AMS campaign. A new AMS system (''MICADAS,'' 200 kV compact radiocarbon AMS system with gas ion source) was used for samples analyzed in the last two series (see Table 1 ) and made initial processing of gaseous CO 2 to solid graphite AMS targets unnecessary, thus decreasing the number of preparation steps and the AMS procedural blank contribution from 750 ng to 55 ng Ruff et al., 2007 Ruff et al., , 2009 . Performance tests for both AMS systems were run using different reference materials. Reproducible values in good agreement with the consensus values could be achieved for both systems, i.e., for solid and gaseous targets [Jenk et al., 2007; Ruff et al., 2007 Ruff et al., , 2009 . Blank measurements for the overall procedure of the method were continuously performed using artificial ice. This overall system blank was reproducible throughout the time period of analysis with a mean carbon mass of 1.5 ± 0.8 mg OC (n = 20) and a pMC of 64 ± 11 (n = 9). This is consistent with the previously reported blank value of 1.3 ± 0.6 mg OC and a pMC of 61 ± 13 [Jenk et al., 2007] .
[8] The presented method and setup allows dating of any ice core in a reasonable amount of time and on a routine basis if comparable or higher aerosol concentrations than presented here are contained. Four ice samples a day could be processed, involving simultaneous measurement of OC and EC and preparation of both fractions for subsequent AMS analysis (no EC results shown here). One day was needed to produce all the standards and blanks required for AMS calibration and quality control of the overall procedure. Final AMS measurements took approximately 20 min per target.
Calibration of 14 C Dates
[9] All conventional 14 C ages were calibrated using the OxCal v3.10 software with the IntCal04 calibration curve [Bronk Ramsey, 2001; Reimer et al., 2004] . Taking advantage of the stratigraphic information contained in the ice core which allows assuming a sequence of samples to be in chronological order because of the underlying deposition process, the software implemented Markov chain Monte Carlo method (MCMC) could be applied [Bronk Ramsey, 2005] . With this method the constraint probability distributions for a group of items in a sequence were calculated using the well-defined calendar age of the Laki eruption as the youngest date in the sequence (see Figure 2) . For the lowermost sample (core section 125, 79.6 -80.2 m) a low yield resulted for the graphitization process and led to high final uncertainties. In accordance to the suggestions made by Stuiver and Polach [1977] , only a conservative upper All core sections were calibrated with OxCal 3.10, except for 125 MCMC sampling was used (see section 2.2 and Figure 2 ). c MICADAS AMS system with gas ion source (analysis of CO 2 ) (see section 2.1). TANDY AMS system (analysis of graphite processed from CO 2 ) (see section 2.1).
f Note that measured value and uncertainty are of similar size. Therefore, ages are shown as upper 2s limits only [Stuiver and Polach, 1977] (see section 2.2).
age limit based on the defined 14 C/ 12 C ratio plus 2s was received for this sample and accordingly it was neither included in the MCMC sequence nor in the two-parameter model (see section 2.3).
[10] All radiocarbon derived dates were rounded and are presented as conventional radiocarbon ages (years B.P. = years before 1950 A.D.) or calibrated 14 C ages ( 14 C cal ; years cal B.P.) with 1s range as defined by Stuiver and Polach [1977] . Ages in Table 2 and Figure 3 are presented as years before 2003 A.D.
Two-Parameter Model
[11] To determine a continuous depth-age relationship for the entire CG ice core, a two-parameter model was applied Table 1 for data. Filled areas show the calculated constraint probability distributions of the calibrated ages using Bayesian statistics, i.e., constraint Markov Chain Monte Carlo sampling (MCMC). As indicated by the increasing ice section number on the y axis, the samples can be assumed as a group of items in a sequence because of their chronological order of deposition and MCMC sampling (constraint ''Sequence'') can therefore be applied [Bronk Ramsey, 2005] . For the sequence presented, the well-defined calendar age of the Laki eruption (1783/1784 A.D.) was selected to represent the youngest date. The overall agreement index of the calibration using this approach is 115.9% which is well above 60% (A 0 c), the level below which reevaluation of the assumption should be performed. Agreement indices corresponding to the individual core sections are given in parentheses. For comparison, thin lines show the results derived from applying the basic standard calibration procedure (i.e., probability distributions without constraints). Adapted from OxCal v3.10. Figure 3 . Upper 2s limit (see Table 1 ).
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JENK ET AL.: A NEW 14 C DATING TECHNIQUE FOR ICE CORES [Thompson et al., 1990] . The model can be expressed by the following equation:
where T (z) is the age (years) as a function of depth z in meter water equivalent (m weq), H the given glacier thickness (m weq), b the accumulation rate per year (m weq) and p the thinning parameter (dimensionless). The model was fit to the available dating points (see section 3) by varying the accumulation rate b and the thinning parameter p using a least squares approach. The radiocarbon dates were derived from ice samples of around 60 cm in length and thus do represent an average age. According to that, as depth z the section center was used for the fitting. To avoid overweighting of edge points, the logarithmic values of the ages summarized in Table 2 were utilized. For an error estimation of the maximum deviation of the modeled age scale, the upper and lower 14 C cal 1s limits were used instead ( Table 2 ). Note that the result for the oldest sample (core section 125, 79.6 -80.2 m) defined by an upper age limit only was not included in any of the model calculations (see section 2.2).
Results
[12] The calibrated 14 C ages of nine samples analyzed allowed dating of the oldest ice at Colle Gnifetti for the first time. Ages of 7600 -9100 years cal B.P. for the second lowest sample and more than 15,200 years cal B.P. for the lowermost sample (core section 125) were obtained. However, the latter value has high uncertainty caused by a poor technical performance of the 14 C measurement (see Table 1 ). Even though it is in agreement with the age prediction from the thinning model (see next paragraph), we consider it to be indicative only for the existence of late Pleistocene ice in the European Alps. Calibrated radiocarbon ages are questionable for ages <500 years B.P., especially when uncertainties are relatively large (see the ''probability distributions without constraints'' derived for the youngest samples shown in Figure 2 ). This is due to a flattening of the radiocarbon calibration curve in this time period, leading to multiple solutions of possible ages. Nevertheless, the modern pMC values measured for the two youngest samples indicate that the possibility of a significant systematic shift to older ages can be excluded. The 14 C cal dates are derived from OC which has been extracted from ice samples of $60 cm in length. Therefore, they do represent an averaged age. An inhomogeneous distribution of carbonaceous particles within the analyzed core sections could potentially influence the modeled final dating discussed below. Here, such an effect was found to be negligible ( 10% of the given 1s uncertainty to final two-parameter model results), assuming comparable distribution for OC and major ions which were analyzed with higher resolution. However, since the precision of the method is supposed to increase in the future, the shortest possible (i.e., available) ice samples should generally be favored.
[13] To obtain a continuous depth-age relationship the two-parameter model described in section 2.3 was used to fit the derived 14 C cal results (with exception of core section 125) and the dating points derived from reference horizons which were supported supplementary by annual layer counting possible for the first 240 years and independent 210 Pb dating (not shown) [Gäggeler et al., 1983] . The corresponding results are summarized in Table 2 and the obtained continuous depth-age relationship is displayed in Figure 3 . According to the model, the CG03 core covers the entire Holocene and reaches an age >14,600 years B.P. at the bottom (i.e., 30 cm above bedrock the derived age is 19,100 À4500 +4800 years B.P.). The model derived age for the bottom ice supports the independently (since it was excluded from model calculations) derived 14 C cal age for this section (core section 125), adding evidence for the presence of Pleistocene ice. The reference horizons used were the maximum in the tritium activity peak in the year 1963 A.D. from the nuclear weapons tests [Eichler et al., 2000] , the volcanic eruptions of Laki and Katmai, and historically documented Saharan dust events (Table 2) . Multiple regression analysis with a least squares approach, i.e., a nonlinear least squares fit between the model and the logarithmically transformed data points, was carried out to obtain ideal values for the model variables b and p (accumulation and thinning, respectively). +0.03 m weq a À1 is in good agreement with the low average accumulation rate of the study site (0.46 ± 0.08 m weq a À1 ) which was observed in the uppermost 30 annual layers where the thinning effect is negligible. The good fit between the upper part of the core Figure 3 . Two-parameter model [Thompson et al., 1990] derived depth-age relationship for the CG03 ice core. The model is based on distinct horizons from Saharan dust events as well as volcanic layers, the tritium signal from nuclear weapon tests (indicated with calendar dates, A.D.), and calibrated 14 C ages ±1s (years before 2003 A.D.) derived from the analysis of water-insoluble carbonaceous aerosols (i.e., OC) which were extracted from the ice.
where dating relies on well established methods and the lower part where calibrated radiocarbon ages are increasing continuously with depth as one would expect also adds confidence in the new dating tool. An important strength of the described new radiocarbon dating method is the possibility to detect outliers caused by problems during sample preparation or analysis. The observed OC/EC ratio as well as the measured ion current in relation to the amount of carbon in the sample contains the necessary information [Jenk et al., 2007] . The access to multiple samples additionally allows detection of outliers in the measured sequence (stratigraphic outliers), removing the dependency on a result from singular analysis as it is encountered by the random finding of only one piece of organic material.
[14] Figure 4 presents the stable oxygen isotope record (d 18 O values in % relative to Standard Mean Ocean Water (SMOW)) of the Colle Gnifetti 2003 ice core in which a drop to more depleted isotopic ratios was observed close to bedrock ($78 m depth). This feature has strong resemblance to the sections in the Greenland ice core records representing the abrupt climate shifts that terminated the last glacial (see Figure 4b) . The very distinct signal of the transition from the Younger Dryas into the Holocene for example could be dated with high accuracy to an age of 11,650 years B.P. [North Greenland Ice Core Project members, 2004; Steffensen et al., 2008] . However, radiocarbon dating assigns an age of only $3 ka B.P. to the pronounced drop in the CG03 d
18
O profile. Several ice cores were drilled at Colle Gnifetti in the past and d
18 O showed comparable depletion in the deepest part of these cores if bedrock was reached. In agreement with our results, atmospheric d
18 O atm measurements [e.g., Bender et al., 1994] performed on one of these cores to distinguish between Late Glacial and Holocene ice gave evidence that the observed signal in the stable oxygen record of water does not correspond to the glacial/interglacial climate transition [Keck, 2001] . Instead, the exceptional strong thinning at Colle Gnifetti might cause a pressure induced d
18 O depleted liquid front along shear zones which was considered to explain the observed depression in the lowermost part of the core. In any case, even though our dating is in line with previous results, i.e., not attributing the shift in the d
18 O record to the glacial/interglacial climate transition [Keck, 2001 ] the interpretation and understanding of the Colle Gnifetti records of stable isotopes of water are still incomplete and need further investigation.
[15] In order to validate the new dating method, we made first attempts to analyze ice samples from Greenland (GRIP) previously well dated by independent methods [Vinther et al., 2006] . Concentrations of carbonaceous particles are approximately ten times lower in Greenland than in ice from high-elevation glaciers which demands preparation of larger ice samples. Such samples generally have a surface to mass ratio which is less favorable in terms of contamination risk due to the limited availability of pieces with a large cross-section size. The carbon containing liquid which is used to stabilize the borehole in the deep drilling in combination with microcracks and long storage time makes analysis of such samples significantly more difficult compared to the samples from Colle Gnifetti. One sample could be analyzed and resulted in a value somewhat underestimating the independently defined age (GRIP, depth: 1308.45 m, age: 7933 ± 42 years B.P.; measured: 6900 ± 500 years cal B.P. (2s)). GRIP data are available at http://www.iceandclimate. nbi.ku.dk/data/. However, because of the above reasons this single result cannot be considered to validate the method. Since the properties of Greenland samples present a specific challenge not related to the samples we are aiming for, no further efforts have been made. Instead, we also applied the new dating technique to an ice core from Nevado Illimani (Bolivian Andes, 16.62°S, 67.77°W) [Knüsel et al., 2003] . At this site, two parallel ice cores (A: 136.7 m; B: 138.7 m) [Vinther et al., 2006; Rasmussen et al., 2006] . Note the discrepancy in the age scales between the two records. In the case of this study site the d 18 O depletion seems not to correspond with the glacial/ interglacial climate transition. This is in agreement with previous results based on the additional measurement of atmospheric d
O atm [Keck, 2001] . NGRIP data are available at http://www.iceandclimate. nbi.ku.dk/data/.
were drilled in 1999. First dating models based on annual layer counting, the signal from electrical conductivity measurement (ECM) and volcanic layers exist for both cores and are in perfect agreement for the top 90% [Knüsel et al., 2003] . For core A, Ramirez et al. [2003] [Thompson et al., 1995] . To obtain dating of the bottom part for core B, six horizons of volcanic eruptions, the tritium peak [Knüsel et al., 2003] and radiocarbon dates (n = 6) obtained by using the same technique as described for the Colle Gnifetti core were fit with the two parameter model described in section 2.3 [Kellerhals, 2008] . The dating of core A and B each based on a different method as described before (wiggle matching and radiocarbon dating, respectively) agrees reasonably well. Over the time period from 10 to 13 ka B.P., dating matches within less than 1000 years with the 1s ranges of the four corresponding 14 C cal ages increasing from ±480 to ±1450 years.
[16] Considering the above results, an offset of the Colle Gnifetti radiocarbon dates shifted toward younger ages by several thousand years as it might be implied by the record of the stable isotopes of water can be excluded.
Discussion and Conclusion
[17] The extension of mountain glaciers in the Alps since the Last Glacial Maximum (LGM) around 20,000 years ago was smallest during the warmest time of the Holocene, the so-called Climatic Optimum around 7-6 ka B.P. [Davis et al., 2003; Ganopolski et al., 1998; Thompson et al., 2006] . Recent findings such as the Ö tztal Ice Man (3280 m asl, Hauslabjoch, Italian/Austrian Alps) [Baroni and Orombelli, 1996] and ice-covered prehistoric artifacts (2756 m asl, Schnidejoch, Swiss Alps) [Grosjean et al., 2007] suggest that the present state of glaciers in the Alps is comparable to this period. Our observation of ice likely more than 10 ka old at the Colle Gnifetti indicates that at higher-altitude permanent ice coverage was preserved throughout the Holocene. For glaciers frozen to bedrock with a complex topography, one might expect a shear zone between the basal ice and the active layer on top, resulting in a hiatus in the age-depth relation. The finding of a continuous increase of age with depth even in the deepest part is remarkable. Our results imply, that a first Alpine climate record from an European glacier archive covering the entire Holocene is accessible, allowing for a comparison of the Climatic Optimum warm period with today's climate and atmospheric conditions.
[18] The new radiocarbon dating technique described should have wide impact on paleoclimate research. It represents an additional, independent and new dating tool with great potential for applications in ice core studies, due to its ability of improving and extending new and already existing chronologies. Using ice of known age (Nevado Illimani), the dating accuracy of the method could be confirmed in a first validation attempt. However, further efforts to improve the validation are still needed. This is also due to the fact that there is potential to reach higher precision (smaller uncertainties) in future studies. As a result of future applications of the method to a number of ice cores and ice samples from different sites (some of them preferentially dated independently) and the ongoing development in AMS technology these goals can certainly be achieved. A very important step forward was made in the recent past when AMS analysis of gaseous CO 2 for radiocarbon dating was made possible [e.g., Ruff et al., 2007 Ruff et al., , 2009 . Already, this could be applied for some of the samples presented in this study. Such measurements benefit from a reduced sample preparation time due to fewer preparation steps required, what as a consequence decreases the number of potential contamination sources. Higher analytical precision and a smaller amount of carbon (carbonaceous particles) needed also allows the use of smaller, i.e., shorter ice sections resulting in a physically better defined (narrower) age horizon.
